ABSTRACT Caching popular multimedia content constitutes a promising solution to mitigate the congestion in the ultimate potential for 5G networks. Moreover, a three-tier heterogeneous network, where device-todevice pairs, small cells, and macro base stations (BSs) are included, is suggested in 5G wireless networks. In addition, local caching of popular multimedia content for small-cell base stations (SBSs) and user equipment has been considered to decrease the BS transmission cost without requiring high capacity backhaul or access to the core network. Thus, in this paper, we first analyze the numerous relevant performances in this three-tier content delivery network. For the independent Poisson point process and uniform distribution, where there are two regular different SBS assumption modes, we first provide theoretical analysis of the hitting probability in this heterogeneous network in different user request transmission modes based on a stochastic geometry theory. Then, we further propose a novel resource selection and scheduling algorithm satisfying the signal-to-interference-plus-noise ratio and signal-to-interference ratio criteria and the optimal transmission link selections and scheduling strategy for the three-tier heterogeneous network in order to reasonably allocate restricted resources. Finally, the numerical results reveal that the theoretical results are in agreement with the simulation results of the Zipf-distribution caching scheme. Meanwhile, the proposed algorithm performs well compared with the theoretical limit and an increase in the state of the art.
I. INTRODUCTION
A 5G network architecture consists of a heterogeneous network with typical delivery structure by unicast [1] , [2] . It may lead to severe cellular network congestion due to the explosive growth of mobile requests and content [3] , [4] . However, only a small portion of the most popular media services and content creates a vital amount of traffic load and expends a large portion of the BS energy [5] , [6] . Thus, it is meaningful to propose an appropriate strategy to dispatch this fashion content and alleviate the network load [8] .
For prevailing content that spreads rapidly to many users, content delivery is a more efficient way to simultaneously broadcast or store it for different users. A rich body of prior works investigate the typical unicast scheduling schemes in cellular networks or core networks [2] . Moreover, a lot of researchers focus on the content delivery strategy and cache issue in the cellular network, including UE storage, mobile media clouds, small-cell caches, and so on. Although different users may request the same media content or service at the same time, a BS needs to respond to requests one by one, which means the service delay is very difficult to estimate, leading to quality of service (QoS) degradation [9] .
Furthermore, individual smart phones or devices are deemed to be caching servers as well, since they can transmit content to each other directly by establishing D2D communication links [10] . At present, most of the existing work on content delivery for D2D communication underlying cellular networks is effectively an approach to exploit the non-uniform popularity of content and off-load BS traffic [11] . Specifically, if a user requests particular content, then the network can extract it from their own cache or request content from adjacent users through D2D communication with the wireless network traffic [12] , [13] . However, in practice, each UE can only proactively cache a small quantity of content due to the storage capacity limit [14] , [15] .
On the other hand, in order to solve user satisfaction decline, proactive caching in SCs is also attracting increasing interest [16] . The SC vacant storage memory is giant compared to the UE cache, and it buffers prevalent content with a certain popularity profile during a content placement phase through backhaul [17] . Moreover, if the user's requested content can be discovered in the SC cache, they can directly transmit it to users without backhaul, which is a smart way to reduce the access delay. For instance, an optimal distributed caching strategy has been proposed in the multiple available SCs in [18] and [19] .
At first sight, both D2D caching and SC caching may fetch some gains in terms of network throughput, spectral efficiency and delay. Therefore, Chen and Kountouris [20] have compared the performance of caching in UEs and SCs, using stochastic geometry [21] . However, in recent studies, two different content distribution ideas were debated separately or compared with each other [22] , and no one discussed their cooperative cache architecture and scheme [23] . Nevertheless, none of the existing work [24] , [25] provides efficient solutions for the cache utilization policy between SC links and D2D communications.
In this paper, we concentrate on the content delivery issue in 5G heterogeneous networks. And the contributions of this paper include three basic parts:
• We formulate the mass content delivery scenario with an ideal non-transmission interference environment. We explain two different regular models. In this case, the SC caching strategy, user density and D2D ideal transmission radius have to take into account the expected probability of user request acquisition.
• In the actual scenario, in order to satisfy the SINR and UE occupied constraints, we develop a D2D and SC link selection and scheduling algorithm to select the largest number of D2D links to minimize the collision domain and maximize the throughput.
• Our results reveal the performance of 5G heterogeneous networks including the cooperative D2D and SC transmission mode giving us new insight on 5G content delivery networks. The rest of this paper is organized as follows: Section II describes the content delivery model for 5G heterogeneous networks. In Section III, we analyze the performance and give the equation in the system model theoretically, and the heterogeneous network scheduling issues have been addressed in Section IV. Then, extensive simulation results and comparisons are provided in Section V. Section VI provides a conclusion and an outlook for future work. Fig. 1 depicts the architecture of a 5G heterogeneous network that includes a macro BS, multiple SCs and D2D pairs. UEs and SCs are indicated as u ∈ U ≡ {u 1 , . . . , u i } and s ∈ S ≡ {s 1 , . . . , s i }, respectively [26] , [27] . Moreover, users can potentially receive content from BSs, SCs and UEs that is associated with potential nearby D2D pairs. For a specific SC under the coverage of a BS, it is assumed that every UE is associated with an exact SC, so that we can aim at content distribution in a single SC without considering crossregional operation between different SCs. At the beginning of a time slot, each user requests random media content from the content library C = {c 1 , c 2 , . . . , c i , . . . , c N }, where c i is the i − th ranked content. The popularity of c i is related to the probability that a user request corresponds in the network, and it is satisfied as a Zipf distribution [11] , given by
II. SYSTEM MODEL
where γ is a fixed parameter that describes the skewness of content popularity, and a larger γ means less content accounts for the most popular. Given the content distribution knowledge, depending on different D2D and SC cache characteristics, we apply the following assumptions. Due to finite caching capacity, each SC can store M s content. Meanwhile, the maximum cache capacity of UEs is M u content, therein M u < M s < |C|. It is a sensible assumption that SC storage performance is much stronger than UE.
Not the same system structure introduced in [15] , the macro BS proactively pushes some popular content in library C to SCs and UEs connected to the SCs through the downlink. Moreover, a D2D connection between two UEs utilizes the uplink to transmit content. Owing to two different modes of connection, there is no interference in these two links. Meanwhile, on account of the cache size constraint, duplicated versions of popular content and the difference of transmission rate, selecting appropriate content to transmit in each UE and SC is a major research problem in this heterogeneous scenario.
In this work, we assume a single antenna at both SCs and UEs. Hence, in each frequency band, only one downlink and uplink can be served, which means a user cannot receive and transmit at the same time slot on the same mode and frequency band. Generally speaking, we do not consider cooperative communication modes, such as multiple SC services for one user, SC and D2D cooperative transmission, or the SC and BS cooperative transmission model. We also assume that each user or SC transmits data in unicast mode and the UEs cannot transmit data to multiple users simultaneously, but the SCs can. This means that the probability that different users request the same content from an identical user at the same time is negligible, and it can be described as:
where U D represents the user set that satisfies the D2D transmission criterion. Then, U S and U B are user sets responded by SBSs or BS, respectively. There is not any overlap between each user set, and the total number of users is U . In each delivery phase, each user request R c i u i demands only one content, which means user u i requests content c i . Therefore, we define the three different modes of cache hitting rate as:
where x represents one of three different modes, x ∈ {D, S, B}; moreover,
Then, when two UEs attempt to establish the D2D link belonging to D2D user set U D , they are satisfied with a certain condition. It is that the two users are close in the cell, which is defined by a D2D maximum transmission distance r that satisfies SINR for all users:
where N n is the power of the additive white Gaussian noise (AWGN) at the D2D receiver. Thus, SINR at each D2D pair should be greater than σ , which is related to the modulated scheme at each D2D transmitter in the same conflict domain G i . Therein, p d is the transmitted power of a D2D transmitter. Moreover, the users always connect to the nearest SBS and are part of this SC if SCs hold the content that users deserve. For the SC mode, transmission interference occurs between SCs that connect UE using the same conflict domain G j . In this case, with SC caching, we assume that it is also an interference-limited network. Thus, we assume that the background thermal noise is negligible. In the rest of this paper, we express the SC transmission function as SIR, and it is satisfied with the communication constraint ς , given by:
Meanwhile, for users that cannot be serviced by either a D2D transmitter or SBS, the request file is fetched from the macro BS via the backhaul link and then transmitted from the nearest SC base station to the user. We have the rate for the macro BS request given as:
where p b denotes the backhaul power consumption from a single SC to a macro BS for each user belong to U B . Therefore, the channel gains g(u i , b), g(u, u) and g(u, s) are satisfied with
Without loss of generality, p s is the transmitted power of the SC link subject to the SC base station power constraint. Moreover, the maximum SBS transmission power p s is much larger than the maximum D2D pair transmission p d and less than the BS transmission power p b ,
From the foregoing assumption, there is a chance that not all potential D2D and SC links can be scheduled simultaneously for the four below reasons. First, one user may be a SC receiver and a D2D transmitter. These two modes cannot work simultaneously. Second, some D2D or SC links cannot meet transmission requirements that are below the minimum acceptable SINR σ or SIR ς . Third, both UEs and SCs have the maximum storage, M u and M s . Finally, regardless of whether links are D2D or SC, they are both assumed as power constraint devices, p d and p s .
Despite the existence of these restrictions in 5G heterogeneous content delivery networks, we still sincerely wish that UEs can easily obtain the desired content through SC and D2D links, maximizing the SC and D2D cache hitting rates, R c s and R c d and, at the same time, reducing the BS hitting rate R c b . And then, on this basis, we intend to maximize the throughput, T , for user requests in the least conflict domain G i and G j for U . Formally, we have (4), (5), (6), (9) . (10) Unfortunately, the object function (10) is a non-convex problem. If we desire to solve this issue directly, the complexity of the optimal method is quite high. Therefore, we attempt to obtain a joint optimal cache and power allocation link selection to solve this complex issue. In view of this, we first attempt to seek the optimal power value in the system, which may lead to the shift of user sets in the network. In addition, it is a multiple variable optimal problem. For the sake VOLUME 6, 2018
of maximum SINR or SIR in every link, we discuss the relationship between transmission power p n and maximum SINR or SIR in a conflict domain. Note that we have provided the Theorem 1 to explain the relationship. Alternatively, we then intend to seek an optimal method to schedule the D2D and SC links with reasonable complexity and allocate the power between the D2D pairs and SBSs based on Theorem 1. Thus, We give the transformation of object function Eq.(10) in maximum power p max x condition. We factorize the object function (10) into another problem (P) based on maximum power p max x . The problem turns to link selections among different modes and scheduling issues. For the these problems, we attempt to optimize user request set U and trade the balance between the three user request sets, U S , U B , and U D satisfying SINR and SIR restrictions and transmitted power constraints. In what follows, we will describe the problem (P) in detail.
To maximize the total network throughput, we expect to maximize the number of the D2D and SC link selections, in order to keep R c s and R c d high. Hence, we should satisfy the user's request to the near user side. To maximize the number of selected D2D and SC links, especially the D2D links, and meanwhile satisfying the σ or ς transmission constraints, the link selection and scheduling problem can be written as: (5), (6) . (11) It is clear that problem (P) is a NP-hard problem [12] . Because the problem is non-convex, in order to obtain the optimal link set scheduling, the complexity of the exhaustive search is quite high. Note that with the variation of the number of different user set the result will achieve different optimal result. However, scheduling the largest number of D2D and SC links may lead to destination UE overlap and more mutual interference. Therefore, D2D and SC links should be scheduled in strong communication channels with weak mutual interference. Then, (P) attempts to schedule the different links to meet the user's demand reasonably. This manages the potential link and improves the system throughput. Thus, we can reasonably choose the U S , U D , G i d and G j s to obtain an acceptable probability of the scheduled user request R c s and R c d .
III. CONTENT DELIVERY SCHEME AND ANALYSIS
In this section, we attempt to provide several analytical results on some key characteristics for the scheme. Due to the UE finite cache capacity and location randomness, we consider a cache-enabled cellular network where UEs are distributed according to a homogeneous Poisson point process (PPP) with intensity λ u and the SC distribution is related to λ s . According to previous work, we consider two different cases for SC distribution: Case 1 (Uniform Distribution): In the cellular network, SBSs are evenly distributed over the cell area. The coverage of each SC is the same size. And the SBSs are deployed in the center of each SC, in order to serve the users fairly. The users can access to the core network through SBS or BS. It is assumed that the coverage of SCs is a square area, and the square side length is λ
b . The area of each SC is related to λ b −1 , illustrated in Fig.2 . The probability mass function of the number n of UEs inside, which follows a Poisson distribution with mean λ u λ s , is given by
In our cache model, we consider the ''Most Popular Content'' (MPC) and ''Largest Content Diversity'' (LCD) as two different caching strategies in different partitions of the same SC [20] . In other words, in the SC side, we apply the conventional MPC strategy in some part of the SC cache and the other part proposes the LCD strategy. However, a UE does not store the same files at his own cache, which means that all BSs cache the same most popular and multiple various content within their cache capacity at the same time. In UE caching, a random user will most likely have multiple potential D2D pairs. Moreover, in order to increase the content hitting rate and diversity, we assume in the UE side the cache policy obeys the LCD strategy. Specifically, in order to prevent content aliasing in different cache strategies, we define a proportion ρ of cache to adopt the MPC strategy in every SC, and the rest 1 − ρ is reserved for disjoint placing by LCD strategy. However, the proportion is limited according to the storage capacity M s , which is satisfied by M s > ρC. Therefore, ρ should belong to:
For Case 1, we can achieve the SC cache hitting probability that a user can find the most popular content in the SC base station. According to the MPC caching strategy, the SC hitting probability is
where
(1−ρ)C represents the rest of the media content picked up equivalently in the SC cache, according to LCD strategy. Obviously, the SC cache hitting probability is a shift function of ρ. To increase the cache hitting ratio, more cache space should be preserved. Then, the probability of no potential users can provide the relevant content when c i is requested with the independent thinning probability of a D2D communication area. The request void probability for the i − th content within the discovery distance r is given by
where in the non-interference situation, r can be represented as:
Then, the probability of a demand UE being served by nearby potential D2D users is given by
).
The corresponding offloading probability for the i−th content of at least one SC or UE cache, namely, the probability of requesting content from the BS, is shown as Eq. (18), as shown at the bottom of the next page.
Case 2 (Irregular Distribution):
The SC distribution is assumed as a Poisson-Voronoi tessellation shown in Fig.3 . The region of each SC is based on the shortest distance to the SBSs in the network. Thus, the situation leads to the different SCs get different adminstration region. Meanwhilein the SC region every user arrives corresponding SBS, which is the nearest SBS in the network. However, the coverage area in every SC quite varies in size. In some SC region, there may be no users in the reachable region. And the density of the void SBSs, namely, the probability that the SCs are assigned no UEs, is represented as P v [20] . Mathematically, whereas the density of occupied SCs that are considered an occupied small cell with many UEs is given by
Generally speaking, to solve the contradiction between the large number of user requests and the finite cache, the SCs and UEs cache with a strategy that has a great relationship.
For Case 2, due to the randomness of the various SC environments, the irregularity of the neighborhood makes the calculation more complicated than Case 1.
Due to the characteristics of the Poisson-Voronoi tessellation, we can see that each SC region is a convex polygon in Fig.3 . Meanwhile, due to uncertainty about the number of users in the different SC regions, it is difficult to determine the cache allocation ratio ρ and the solution between the user and SBS. Due to the different SC service areas, it is meaningless to consider the hitting probability of a single SC area. For example, there are no hitting or blind service issues we mentioned above in the depopulated SC area. Moreover, the areas of different regions s i cannot be estimated separately. Therefore, we cannot assume the probability of the cache hitting rate for each SC region. However, for simplicity, we examine the probability for the whole architecture. Thus, the probability expressions of the occupied SC region are satisfied as:
Nonetheless, for a D2D pair in each SC, the cache hitting ratio cannot alter according to the SC coverage type but only relates to the user's request initiation and completeness within the D2D transmission range. Thus, it can be considered the same as the previous Eq. (14) . According to the density of occupied SCs Eq. (20), we can calculate the probability of different content services for different transmission modes. The probability of users only achieving content services from VOLUME 6, 2018 a macro BS is represented as Eq. (22), as shown at the bottom of this page.
We can view from Eq.(22) that the result is affected by the amount of relevant variables, such as ρ, λ u , λ s , and so on. Moreover, it is a complex function of the SC PoissonVoronoi tessellation distribution. Therefore, we performed the experiment to prove our theoretical analysis, as shown in Fig.4 and Fig.5 , which show a comparison between the simulation and the theoretical results. We use Monte Carlo simulation with the parameter values in Section V to prove that the relevant cache hitting ratios Eq.(18) and Eq.(22) are correct. We can see that when the content popularity γ = 0.6 and γ = 0.8, respectively, the theoretical results based on Case 1 and 2 are basically coincident with the numerical simulation values. Moreover, we can see from Fig.4 with the increase in ρ, the user has a higher probability of achieving the desired content from the near-user side reducing the burden on the BS and R c b decreases, and the theoretical result matches the simulation value perfectly. Nevertheless, for Case 2, the theoretical value deviates from the simulation value with the increase in ρ, and the different values tend to be consistent. In addition, the theoretical analysis basically constitutes the trend of the actual situation. For the analyses in Case 1 and Case 2, we note that the theoretical Eq.(18) and Eq. (22) can represent the content hitting ratio in actual 5G heterogeneous networks.
IV. LINKS SELECTING AND SCHEDULING
In this section, we will solve the problem (P), which has become an NP-hard problem [13] with quite high complexity for an exhaustive search. Besides, one cannot find the optimal solution with conventional optimization methods. Meanwhile, we aim to maximize the number of scheduled D2D and SC links based on SINR and SIR while taking link incompatibility problems into account Eq. (11) . In order to obtain the joint optimal D2D, SC and BS link selection and scheduling issues, we attempt to give the optimal request probability for different links, R c b , R c s , R c d . Thus, we attempt to optimize UEs to achieve service from proximal ways based on not changing the BS hitting probability R c b (ρ), since it causes the largest energy consumption in the networks, and the request media file from a macro BS cannot mitigate the network congestion issue. Besides, the approximate hitting rate R c b (ρ) is given by theoretical analysis from Section III.
Generally speaking, to solve the contradiction between the large number of user requests and the finite cache, in a small cell with cooperating UEs and one SC, the total available storage capacity is subject to M u , M s and λ u .
Moreover, in order to increase the content hitting ratio and diversity, we assume the cache does not store the same files in the same capacity, which means that all BSs cache the same most popular content and multiple various content within their cache capacity at the same time. In our cooperative model, a random user would like to achieve the service from multiple potential D2D pairs or SC base stations.
Therefore, we denote the user set U as a graph vertex set and the potential links set as a graph edge set E. For a user vertex u i , one certainly has a macro BS link, possibly an SC link and is more likely to have multiple potential D2D links all on account of user request file c i . Hence, all the 
Nonetheless, each user vertex can only select one link to attain the desired service. Therefore, the NP-hard problem should turn into minimizing the total weight value in the graph G(U, E). Moreover, in this paper, we expect to give the optimal solution of this graph issue G(U, E) with iterative coloring theory. Thereunto, the most significant concern is the interference both in D2D and SC links.
In our Algorithm I, we assume that the BS first collects channel gains among different potential D2D and SC links and then calculates the UE interference in the same conflict domains G i and G j .
Moreover, when considering interference, there is no need to focus on the effects of N n in the potential D2D links, since it is only constant for interference and does not affect the result. In addition, in Eq.(6) only the gain of the user's request transmission link is a positive gain in the user matrix, while, the transmission links of the other users are regarded as interference and obtain a negative gain. Thus, we can transform the D2D channel gain matrix to a U × U matrix:
Moreover, the UEs in the same G i represent g(u i , u i ) > 0, which ''− means g(u, u) is the interference source for +g(u, u); otherwise, g(u, u) = 0. Likewise, for SC links, we can also transform SIR channel gain equation to U × S matrix,
where g(u, s) has a similar meaning to g(u, u) in G j . Specifically, to satisfy the minimum SINR constraint σ , we have guaranteed that every potential D2D link D in G i has to meet the SINR constraint so that we had to remove certain links so as to ensure the rest. Therefore, we define an interference effect coefficient
, u k ) to weigh the relative interference among users. First, we sum the relative interference generated from u k to u i and express it as:
Similarly, we also need to measure the extent of interference caused by u i to other UEs u k . Then, the summation of relative interference from u i is larger than
Thus, the potential D2D links u i * in B i , where
are likely to cause the strongest interference to others or receive the strongest interference from others, and we will remove it from G i . The processing of SC interference cancellation is also similar to the D2D selection and scheduling scheme, which we mentioned in the Algorithm I. VOLUME 6, 2018 Moreover, considering that D2D links are much more dependent on U because of the UE occupied transmission issue, every user in the network only can respond to one other user request. From Line 9 to Line 18, we give priority to scheduling D2D links and remove the requested user u i from the user set U . In addition, we select the user u i that also holds the potential SC link to put in U * D as a second priority, which means even if UE u i cannot get through the D2D connections, it can also obtain the relevant content through SC mode, so that it maximizes the probability that a near user side request is guaranteed. Hence, Algorithm I will minimize the number of BS links B * in the case where the user set U is reducing. At last, through Algorithm I, we will achieve the optimal user assignment,
and the minimum number of BS links B * , and then, we calculate the hitting ratio,
Therefore, it has achieved the optimal solution to the problem (P) and, meanwhile, the link allocation set G j .
In addition, our proposed selection and scheduling algorithm depends on the relative interference among different transmissions, whereas the request response algorithm is developed by measuring the absolute interference after the iteration color method. Thus, the calculated interference in our selection and scheduling algorithm is accurate in the isolated frequency resource. In fact, from the numerical result in Section V, our proposed selection and scheduling algorithm matched the performance of the theoretical analysis.
V. SIMULATION AND NUMERICAL ANALYSIS
In this section, we consider a heterogeneous cell network, where conventional UEs are randomly distributed over the cell. Since D2D users are usually within short distances, we adopt a media service distribution model, where they are uniformly distributed over a located square and the simulation parameters are set according to [6] . Our simulation parameters are summarized in Table 1 . In Fig.6 , we realize the two main aspects. (1) The variation of SINR has a negligible effect on the cache hitting probability. When SINR increases, theoretically, the D2D transmission radius r decreases. However, when the D2D request is blocked, the user begs SC to obtain the relevant content and will not increase the burden on the BS. (2) In consideration of the actual situation that UEs cannot be superimposed on multiple requests, the system's cache hitting probability is bound to be higher than the ideal theoretical results. When the OTLSSS strategy is proposed, the effect of the hitting ratio is controlled to a minimum. Meanwhile, the maximum deviation between the theoretical value and the proposed strategy does not exceed 0.02, when ρ = 0.05. Similarly, for Case 2, we also compare the OTLSSS algorithm simulation results corresponding to theoretical analysis. It can be clearly seen in Fig. 7 that the fitting is obviously inferior to Case 1, especially when the cache coefficient ρ is low. However, the actual hit probability of the system is even higher than the ideal analysis. This is consistent with the actual situation, and the simulation value is higher than the theoretical value. In Fig.8 , we compare the proposed strategy with the greedy algorithm [26] in a comprehensive way. For different user density environments, K = 2, 4, 6, the throughput increases steadily with the increased proportion of popular content ρ in SC. Then, when we continue to improve the cache of popular content in SC, the simulation shows that ρ will not further improve the system performance. However, compared with the greedy algorithm on the distribution of user links, the proposed strategy remains to a certain extent. Because of higher user density, a higher possibility for D2D transmission and the giant space of the link-based interference selection scheduling mechanism in the proposed strategy can be represented.
For Case 2, the throughput results are clearly different from Case 1. They are greatly influenced by the distribution and number of SCs and do not gradually improve due to changes in the caching coefficients ρ. However, this situation does not imply that the SC cache hitting probability decreases. It is more probable that the user's request is affected by the distance to the SBSs, that is, the randomness of the deployment of the SBSs. However, the proposed strategy can still have a certain increase in throughput compared to the Greedy algorithm.
It can be clearly seen from Fig.10 and Fig.11 that the D2D hitting probability is greatly limited with the difference in SINR when the popular parameter γ = 0.8 and the cache coefficient ρ = 0.05. However, the SC hitting ratio is unchanged or increases. This is because users have more difficulty finding a reliable D2D pair connection with a periphery. They only look for SC or BS links, and we can see that the D2D cache hitting probability occupies low request in the network, which is due to random cache content for different users. Relevantly, user requests cannot be responded to in the neighboring user effectively, causing a low D2D cache hitting ratio.
In Fig.12 and Fig.13 , we simulate, analyze and compare the relevant results of the SC conflict domains, including the average and maximum collision domain values in a single SC. Obviously, with the increase in cache parameters ρ, the average number of conflict domains in the SC will increase after the hit rate increases, but the increase in the number of conflict domains tends to be stable after the parameter is greater than 0.05, in both Case 1 and Case 2. The biggest difference is that the difference values between the maximum and average number of conflict domains in Case 2 are significantly higher than Case 1, indicating that the variance of conflict domain changes in Case 2 are significantly greater than Case 1. According to the irregular SC environment, the number of users in different SCs leads to diverse user requirements. However, in the same SC, users can only communicate in separate collision domain environments. Otherwise, there will be communication crosstalk.
VI. CONCLUSION
In this paper, we provided an analytical expression for cache hitting in 5G heterogeneous networks based on two different situations. Then, we propose a novel optimal link selection and scheduling algorithm built on graph theory to solve an NP-hard optimization problem. Our simulation results show that in spite of various constraints, the throughput can be significantly improved if the scheduling strategy is duly designed. The main takeaway of this paper is that in 5G heterogeneous networks, the users cache collaborates with SC cache to schedule links reasonably in order to satisfy growing user content requests.
For practical content delivery in 5G heterogeneous networks, additional work needs to be excavated. For instance, we attempt to develop a cooperative transmission scheme including D2D and SC to improve content delivery and then study an optimal content discovery method with blind UE information. In our ongoing work, we plan to address other content transmission characteristics and study their impact on actual 5G networks.
APPENDIX PROOF OF THEOREM 1
We assume the whole links k in the same conflict domain G i satisfy the constraints in subproblem (P1) with transmit power matrix P = {p 1 , p 2 , . . . , p k }.
To prove Theorem 1, we assume the AWGN noise is considered as a constant N 0 in the formula for every transmitter. Then, we suppose there is a SINR/SIR increment R m and power increment p m for transmit link l m in U D and U S , expressed as:
followed by the decrease of R m for the any other link l k (k ∈ G i , k = m). We define the SINR/SIR decrement R k for l k link, represented as:
To ensure the link transmit constraint in l k , the p k will be increased by p k to satisfy the communication restriction, expressed as:
Hence, if each p k increase, k ∈ G i , which means the other user in the G i should rise their power to obtain new balance. It indicate that there is a optimal total value that is not lower than the restriction simultaneously for the each user in the D i , satisfied as:
which represents that in every conflict domain G i there is a optimal power matrix P for the whole links to satisfy the transmit constraint in the network. When the SINR/SIR fraction is improper fraction, the numerator and denominator add the same increment p at the same time so that the increment makes the improper fraction value decrease.
If there is a power increment p k for the user k, the SINR or SIR should be increased, and may disturb the other user's communication. If there exists a user n satisfying SINR or SIR restrictions when his transmitter power is p max , which declares that he may not be satisfied with minimum constraint any more, represented by
Hence, the link k may not allow to schedule in the conflict domain G i and lead to U D or U S remain constant or decrease.
However, for the transmission gain g(k, k) and g(k, n), the channel gain is related to d −α . In view of the decay of polynomial function and the distance between d(k, k) and d(k, n), we can find g(k, k) g(k, n) explicitly. With the increase of transmission power, the transmission rate will increase linearly as the denominator remains constant. Thus, as p k + p ≤ p max , in the case of other users with the same interference and channel gain, the maximum transmit power p max acquires maximum SINR or SIR value, expressed as:
where P I G I m∈D i represents the other user's interference matrix for user u k . This completes the proof of Theorem 1. 
